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Abstract
In the framework of a left-right model containing mirror fermions (LRMM) with gauge group
SU(3)C⊗SU(2)L⊗SU(2)R⊗U(1)Y ′ , we estimate the neutrino masses, which are found to be consistent with their ex-
perimental bounds and hierarchy. We also estimate the decay rates of heavy Majorana neutrinos in the channels
N → W±l∓, N → Zνl and N → Hνl, which are roughly equal for large values of the heavy neutrino mass. Starting
from the most general Majorana neutrino mass matrix, the smallness of active neutrino masses turns out from the
interplay of the hierarchy of the involved scales and the double application of seesaw mechanism. An appropriate
ansatz on the structure of the neutrino mass matrix imposing a symmetric mixing of electron neutrino with muon and
tau neutrinos leads to tribimaximal mixing matrix for light neutrinos.
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1. Introduction
In recent years there has been a revolution in the
physics of neutrinos. The evidence for neutrino os-
cillations obtained in experimental results from atmo-
spheric, solar, reactor and accelerator neutrinos lead
to conclude that the neutrinos have a mass diﬀerent
from zero. The current neutrino experimental data (Su-
perKamiokande, SNO, Kamland, K2K, GNO, CHOOZ)
can well be described by neutrino oscillations via three
neutrino mixings [1].The present data give the solar
neutrino lepton mixing angle tan2 θ12 = 0.45 ± 0.05,
the atmospheric angle sin2 2θ23 = 1.02 ± 0.04 and
sin2 2θ13 = 0 ± 0.05 [2]. The complex phase has not
yet been measured.
The experimental information on neutrino masses
and mixings implies new physics beyond the Standard
Model (SM) of particle physics, which have generated
much activity on the theoretical implications of these
results. Among the possible mechanisms of neutrino
mass generation, the seesaw mechanism can provide an
elegant explanation for the smallness of the observed
light neutrino masses through the exchange of super-
heavy particles [3, 4].
An alternative explanation of small neutrino masses
comes from the concept of extra dimensions beyond the
usual three ones [5]. It has been suggested that right-
handed neutrinos posses the singular property to expe-
rience one or more of these extra dimensions, such that
they only spend part of their time in our world, leading
to apparently small neutrino masses.
There are models, such as the Zee model and the
Babu model, where the introduction of lepton-number
violating-interactions leads to radiative generation of
small neutrino masses [6].
Models with heavy neutrinos of mass of order 1
TeV can give rise to signiﬁcant light-heavy mixing
and deviation from unitarity of the Pontecorvo- Maki-
Nakagawa-Sakata (PMNS) matrix [7]. The TeV scale
seesaw models are interesting because these can have
signatures in the CERN Large Hadron Collider (LHC)
in the near future [28].
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In this work we consider a model with gauge group
SU(3)C⊗SU(2)L⊗SU(2)R ⊗U(1)Y ′ which contains mi-
rror fermions. It is the simplest model that solves the
strong CP problem [13]. We discuss in Sect.2 the for-
malism of mixing between standard and new exotic
fermions; in Sec.3 we present the model and discuss the
symmetry breaking process with two scalar doublets.
Sec.4 is devoted to write the gauge invariant Yukawa
couplings which after spontaneous symmetry breaking
yield the most general Majorana neutrino mass matrix.
A double application of the type I the seesaw approx-
imation gives an expression to estimate the light neu-
trino masses in terms of free Yukawa couplings, af-
ter assuming textures for the light and mirror matrices.
Here we obtain consistent normal hierarchical values for
masses as well as a tribimaximal mixing for light neutri-
nos. Finally, in Sec.5 we calculate the partial widths of
heavy Majorana neutrinos into two bodies N → W+l−,
N → Zνl and N → Hνl.
2. Fermion mixing and ﬂavor violation
The relation between the gauge eigenstates and the
corresponding light (l) and heavy (h) mass eigenstates
ψa = (ψl, ψh)Ta , a = L,R is given by the transformation
ψ0a = Uaψa, a = L,R (1)
where
Ua =
(
Aa Ea
Fa Ga
)
. (2)
From the unitary of U
UaU+a = 1, a = L,R (3)
it follows that the submatrix Aa is not unitary. The
term F+a Fa, which is second order in the small exotic-
standard fermion mixing, will induce ﬂavor-changing
transitions in the light-light sector.
The diagonal mass matrix Md can be obtained
through a biunitary rotation acting on the L and R sec-
tors, namely
Md = U+L MUR =
(
ml 0
0 Mh
)
, (4)
where ml, mh denote the light and heavy diagonal mass
matrices, respectively. For the charged lepton sector, the
nondiagonal mass matrix takes the form
M =
(
K 0
μ Kˆ
)
, (5)
where K = 12λv and Kˆ =
1
2 λˆvˆ correspond to the 3×3
matrices generated from the symmetry breaking; μ cor-
responds to the gauge invariant 3×3 mixing terms be-
tween ordinary and exotic fermion singlets. The form
of the mass matrix will depend on the type of fermion
considered.
3. The Left-Right Mirror Model
The LRMM formulation is based on the gauge group
SU(2)L⊗SU(2)R⊗U(1)Y ′ [14]. In order to solve diﬀer-
ent problems such as the hierarchy of quark and lepton
masses or the strong CP problem, diﬀerent authors have
enlarged the fermion content to the form [13]
l0i L =
(
ν0i
e0i
)
L
, e0i R , ν
0
i R, ;
l̂0i R =
(
ν̂0i
ê0i
)
R
, ê0i L , ν̂
0
i L, ;
Q0i L =
(
u0i
d0i
)
L
, u0i R , d
0
i R, ;
Q̂0i R =
(
û0i
d̂0i
)
R
, û0i L , d̂
0
i L ,
where the index i runs over the three fermion fami-
lies. The superscript 0 denote gauge eigenstates. The
quantum numbers of these fermions under the gauge
group G ≡ SU(3)C ⊗ SU(2)L ⊗ SU(2)R ⊗ U(1)Y ′ are
given by l0iL ∼ (1, 2, 1,−1)iL, ν0iR ∼ (1, 1, 1, 0)iR, e0iR ∼
(1, 1, 1,−2)iR, ν̂0iL ∼ (1, 1, 1, 0)iL, ê0iL ∼ (1, 1, 1,−2)iL,
l̂0iR ∼ (1, 1, 2,−1)iR, u0iR ∼ (3, 1, 1, 43 )iR, d0iR ∼
(3, 1, 1, 23 )iR, û
0
iL ∼ (3, 1, 1, 43 )iL, d̂0iL ∼ (3, 1, 1, 23 )iL,
Q0iL ∼ (3, 2, 1, 13 )iL, and Q̂0iR ∼ (3, 1, 2, 13 )iR.
The numbers in parenthesis are the quantum numbers
of the fermion ﬁelds under the groups SU(3)C , SU(2)L,
SU(2)R, and U(1)Y ′ , respectively; the last entry corre-
sponds to the hypercharge (Y ′), with the electric charge
deﬁned as Q = T3L + T3R + Y
′
2 .
The ”Spontaneous Symmetry Breaking” (SSB) is
achieved following the stages:
G −→ GS M −→ SU(3)C ⊗ U(1)Q , (6)
where GS M = SU(3)C⊗SU(2)L⊗U(1)Y is the ”Standard
Model” group symmetry, and Y2 = T3R +
Y ′
2 . The Higgs
sector used to induce the SSB in Eq.(6) involves two
doublets of scalar ﬁelds:
Φ = (1, 2, 1, 1) , Φˆ = (1, 1, 2, 1), (7)
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where the entries correspond to the transformation prop-
erties under the symmetries of the group G, with the
”Vacuum Expectation Values” (VEV’s)
< Φ >=
1√
2
(
0
v
)
, < Φˆ >=
1√
2
(
0
vˆ
)
. (8)
The most general potential consistent with P symmetry
is
V = −(μΦ†Φ + μˆΦˆ†Φˆ) + λ1
2
[(Φ†Φ)2 + (Φˆ†Φˆ)2] +
λ2(Φ†Φ)(Φˆ†Φˆ)]. (9)
The scalar Lagrangian for the model is written as
Lsc = (DμΦ)+(DμΦ) + (DˆμΦˆ)+(DˆμΦˆ), (10)
where Dμ and Dˆμ are the covariant derivatives asso-
ciated to the SM and the mirror parts, respectively
[10, 11, 12].
The gauge interactions of quarks and leptons can be
obtained from the Lagrangian
Lint = ψ¯iγμDμψ + ¯ˆψiγμDˆμψˆ. (11)
The VEV’s v and vˆ are related to the masses of the
charged gauge bosons W and Wˆ through MW = 12gLv
and MWˆ =
1
2gRvˆ, with gL and gR being the coupling con-
stants of SU(2)L and SU(2)R, and gL = gR if we demand
L-R symmetry.
4. Majorana neutrino mass matrix
With the ﬁelds of fermions introduced in the model,
we may write the gauge invariant Yukawa couplings for
the neutral sector:
hi j ¯ˆνiL ν jR + λi j l¯iL Φ˜ ν jR + ηi j ¯ˆliR ˜ˆΦ νˆ jL
+Mˆi j ¯ˆνiL (νˆ jL)c + σi j l¯iL (νˆ jL)c Φ˜
+χi j ν¯iR (ν jR)c + πi j ¯ˆliR (ν jR)c ˜ˆΦ + h.c. (12)
where i, j = 1, 2, 3, Φ˜= iσ2Φ∗, ˜ˆΦ=iσ2Φˆ∗, hi j, Mˆi j, χi j
have dimension of mass, and σi j, ηi j, λi j and πi j are
dimensionless Yukawa coupling constants. WhenΦ and
Φˆ acquire VEV’s we get the neutrino mass terms
hi j ¯ˆνiL ν jR +
v√
2
λi j ν¯iL ν jR +
vˆ√
2
ηi j ¯ˆνiR νˆ jL
+Mˆi j ¯ˆνiL (νˆ jL)c +
v√
2
σi j ν¯iL (νˆ jL)c
+χi j ν¯iR (ν jR)c +
vˆ√
2
πi j ¯ˆνiR (ν jR)c + h.c. (13)
which are written in the generic Majorana matrix form:
(
ΨνL,ΨcνL
) ( ML MD
MTD MR
) (
(Ψcν)R
(Ψν)R
)
, (14)
where
(Ψν)L,R =
(
νi
νˆi
)
L,R
, (Ψcν)L,R =
(
(νci )
(νˆci )
)
L,R
.(15)
ML =
⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
0 v√
2
σ
v√
2
σT Mˆ
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠ , (16)
MR =
⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
χ vˆ√
2
π
vˆ√
2
πT 0
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠ , (17)
MD =
⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
v√
2
λ 0
h vˆ√
2
η
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠ , (18)
with h, Mˆ, χ, σ, η, λ and π unknown matrices of di-
mension 3 × 3. By assuming the natural hierarchy
|(ML)i j| 
 |(MD)i j| 
 |(MR)i j| among the mass terms,
the mass matrix in Eq.(14) can approximately be diago-
nalized, yielding
(
Ψ′νL,Ψ′cνL
) ( Mν 0
0 MR
) (
(Ψ′cν)R
(Ψ′ν)R
)
, (19)
where, neglecting O (MD M−1R ) terms, we may write
in good approximation Ψ′νL,R ≈ ΨνL,R, and Ψ′ cνL,R ≈
ΨcνL,R [16]. The Majorana mass matrix for the left
handed neutrinos may be written in this see-saw approx-
imation as
R. Gaitán et al. / Nuclear and Particle Physics Proceedings 267–269 (2015) 101–107 103
Mν ≈ ML − MD M−1R MTD . (20)
We assume that the dominant contribution for the active
know neutrinos comes from the ML matrix which has
the same structure of a Type I see-saw. Then in this
scenario the eigenvalues for the light neutrinos may be
obtained by applying again the see-saw approximation
Mlight = −( v√
2
σ) Mˆ−1 (
v√
2
σ)T . (21)
Taking advantage of the fact that all σi j and Mˆi j en-
tries in Eq.(21) are free parameters, we parameterize σ,
Mlight and Mˆ neutrino mass matrices as:
σ = Yd, (22)
Mˆ = mˆDiag(
1
Y1
,
1
Y2
,
1
Y3
)dT , (23)
Mlight =
Y2v2
2mˆ
dDiag(Y1, Y2, Y3), (24)
where Y , Y1, Y2, Y3, are dimensionless coupling con-
stants, d is a dimensionless symmetric matrix, and mˆ
represents the mirror scale.
The above texture for Mlight imposes a symmetric
mixing of electron neutrino with muon and tau neutrinos
in the ﬁrst row and column, and the corresponding 2× 2
submatrix (Mlight)i j ; i, j = 2, 3 generate maximal mix-
ing for muon and tau neutrinos. Furthermore, Eq.(24)
allow us to diagonalize Mlight by using the ”Tribimaxi-
mal mixing matrix”, that is
UTν M
light Uν = −UTν (
v√
2 σ
) Mˆ−1(
v√
2 σ
)T Uν
= Diag(m1,m2,m3),
with Uν given by⎛⎜⎜⎜⎜⎜⎜⎜⎜⎝
c12c13 c13s12 s13
−c23s12 − c12s13s23 c12c23 − s12s13s23 c13s23
−c12c23s13 + s12s23 −c23s12s13 − c12s23 c13c23
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎠ . (25)
From Ref. [18], θPMNS12 ≈ 34
0±10, θPMNS23 ≈ 460±30,
θPMNS13 ≈ 9
0 ± 10. Using θ12 = 340, θ13 = 90, θ23 = 450,
Uν =
⎛⎜⎜⎜⎜⎜⎜⎜⎜⎝
0.818831 0.552308 0.156434
−0.487114 0.524362 0.698401
0.303704 −0.648074 0.698401
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎠ , (26)
and the light neutrino mass eigenvalues
(m1,m2,m3) =
Y2v2
2 mˆ
( 1,
m2
m1
,
m3
m1
) . (27)
The suppression by the mirror scale mˆ in Eq.(27) pro-
vides a natural explanation for the smallness of neutrino
masses. The allowed range of values for the square neu-
trino mass diﬀerences reported in PDG [19]:
m22 − m21 ≈ 7.53 × 10−5eV2,
m23 − m22 ≈ 2.44 × 10−3eV2, (28)
with the input for normal hierarchy of the neutrino
masses
(m1 , m2 , m3 ) = (0.0865142 , 0.0869483 , 0.1) eV .(29)
These neutrino masses are consistent with the bounds
mν < 2 eV [19], and set the mass diﬀerences
m23 − m21 ≈ 2.51 × 10−3 eV2 . (30)
So, from Eqs.(27, 29)
Y2 v2
2mˆ
≈ 0.0865142 eV . (31)
Therefore, assuming mˆ = mνˆ = 100 GeV and v =
246 GeV we obtain
Y ≈ 5.34716 × 10−7 (32)
The matrix ML in Eq.(16), may be diagonalized by us-
ing a unitary transformation
U† ML U = Diag (m1,m2,m3, mˆ1, mˆ2, mˆ3) , (33)
where the mixing matrix U compatible with our frame-
work is writing in good approximation as
U6×6 ≈
⎛⎜⎜⎜⎜⎜⎝ Uν v√2σMˆ−1−( v√
2
σMˆ−1)T I3×3
⎞⎟⎟⎟⎟⎟⎠ . (34)
The particular numerical solution congruent with the
above scenario for the neutrino masses and mixing is
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v√
2
σ ≈ 93013eV⎛⎜⎜⎜⎜⎜⎜⎜⎜⎝
−1.3061 0.689544 1.09459
0.689544 −0.990164 1.51268
1.09459 1.51268 0.555472
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎠ , (35)
Mˆ = 100GeV Diag ( 3.22744 , 3.70771 , 3.43749 ) ,(36)
and
v√
2
σMˆ−1 ≈ 9.3013 × 10−7⎛⎜⎜⎜⎜⎜⎜⎜⎜⎝
−0.404686 0.185976 0.318427
0.213651 −0.267056 0.440054
0.339151 0.407983 0.161592
⎞⎟⎟⎟⎟⎟⎟⎟⎟⎠ , (37)
for light ν-mirror mixing. Since the light-mirror
mixing is very small, the mixing matrix for light neu-
trinos behaves in good approximation as the Eq.(25).
It is worth to mention here that in the limit of very
small light-mirror charged lepton mixing,
(
F+LFL
)
i j
,(
G+LGL
)
i j

 1, we may approach Uν as the usual PMNS
matrix [22] for three generations. Then, we obtain
Ue2  1√3 , Ue3  0, and Uμ3  1√2 , which gives
for the solar and atmospheric neutrino mixing angles
θ12  35.20 and θ23  450, with θ13  00 in good
agreement with current data, although recent evidences
[24, 25] show that θ13 may have a value diﬀerent from
zero.
5. Heavy Neutrino signals
Possible new neutrinos can be detected in various
ways at colliders. If the new neutrino is heavy it will
be unstable and may be detected directly trough its de-
cay products.
Next generation of large colliders will probe nature
up to TeV scales with high precision, probably discov-
ering new heavy particles. Thus, it will be a window to
any new physics near the electroweak scale which cou-
ples to the SM. These colliders can be used to produce
new heavy neutrinos at an observable level to improve
present limits on their masses and mixings [26]. This
new fermions with new interactions, like in the left-right
models [27], can be produced by gauge couplings sup-
pressed by small mixing angles. For the analysis of the
heavy neutrino signals it is necessary to know its decay
modes, which are diﬀerent in the Dirac and Majorana
cases.
Heavy Majorana neutrino singlets can be produced in
the process [29]
qq¯′ → W∗ → l±H (38)
with l = e, μ, τ. Its cross section depends on MN and the
small mixing UlN . Heavy Majorana neutrino decays in
the channels N → W±l±, N → Zνl and N → Hνl. The
partial widths for the N decays are
Γ(N → W+l−) = Γ(N → W−l+) (39)
=
e2
64πs2θw
|UlN |2
m3N
M2W
(1 − M
2
W
m2N
)(1 +
M2W
m2N
− 2M
4
W
m4N
),
Γ(N → Zνl) = e
2
64πs2θwc
2
θw
|UlN |2
m3N
M2Z
(40)
(1 − M
2
Z
m2N
)(1 +
M2Z
m2N
− 2M
4
Z
m4N
),
Γ(N → Hνl) = e
2
64πs2θw
|UlN |2
m3N
M2W
(1 − M
2
H
m2N
)2, (41)
where UlN is the small mixing with |UlN | ∼ 10−6 and
the dominant terms are in the diagonal of matrix (see
Eq. (37)). From these expressions we can conclude that
the total branching for each of the four channels is in-
dependent of the heavy neutrino mixing and determined
only by mN and the gauge and Higgs boson masses.
Heavy neutrino signals are limited by the small mix-
ing of the heavy neutrino required by precision con-
straints [31] and masses of order 100GeV are accessible
at LHC. For this mass range, SM backgrounds are larger
and, since production cross sections are relatively small,
heavy neutrino singlets are rather diﬃcult to observe.
For mN = 100 GeV , the decay branching ratios are
Br(N → l−W+) = Br(N → l+W−) = 0.24, Br(N →
Zνl) = 0.10, and Br(N → Hνl) = 0.69.
For the limit mN >> MW , MZ , MH , the branching
ratios are Br(N → l−W+) = Br(N → l+W−) ≈ 0.25,
Br(N → Zνl) ≈ 0.25, Br(N → Hνl) ≈ 0.25.
Among the possible ﬁnal states given by Eqs.(39-41),
only charged current decays give ﬁnal states which may
be observable in principle.
For mN < MW these two body decays are not possible
and N decays into three fermions, mediated by oﬀ-shell
bosons.
Other simple production processes like
qq¯′ → Z∗ → νN (42)
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or
gg→ H∗ → νN (43)
give l± and l+l− ﬁnal states which are unobservable due
to the huge backgrounds. For the pair production
qq¯→ Z∗ → NN (44)
the cross section is suppressed by |UlN |4, phase space
and the Z propagator, and is thus negligible.
Three signals are produced in the two charged current
decay channels of the heavy neutrino
l+N → l+l−W+ → l+l−l+ν¯, (45)
l+N → l+l+W− → l+l+l−ν, (46)
and small additional contributions from τ leptonic de-
cays.
Heavy neutrino signals in the ﬁnal state l±l± are given
in the lepton number violating neutrino decay and sub-
sequent hadronic W decay, or leptonic decay when the
lepton is missed. LHC has the potential to discovery
heavy Majorana neutrino with very small Ue N [30].
6. Conclusions
In this work we have analyzed the neu-
tral sector of the LRMM with gauge group
SU(3)C⊗SU(2)L⊗SU(2)R⊗U(1)Y ′ . We have worked
with Majorana neutrinos, which mass matrix was
written in terms of blocks that stand for standard
and mirror mass terms. Due to the large number
of mixing parameters involved in the model, one
is restricted to make some simpliﬁcations of the
structure of the matrix. A double seesaw approach
method is used and diagonalization is performed,
and with the help of neutrino data we accommodate
neutrino masses with normal hierarchy of the order
of (m1,m2,m3) ≈ (0.0865, 0.0870, 0.1) eV. So, we
have found a consistent smallness hierarchy for the
neutrino masses. Decay rates for heavy neutrinos N
where calculated for diﬀerent channels, and we found
that their branching ratios (BR) are nearly equal for
MN  MW ,MZ ,MH . The heavy Majorana neutrino
discovery potential depends on few parameters; in the
case of neutrino singlets these are the heavy neutrino
mass and its mixing angle.
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